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ABSTFUCT 

This repor t  i s  concerned with the  r e s u l t s  of an 

experimental and theore t ica l  inves t iga t ion  of t he  

f a r  in f ra red  spec t ra  of si l icate minerals f o r  use 

i n  remote sensing of the  composition of lunar  o r  

planetary surfaces.  The subject matter cons i s t s  

of 

1) an examination of t he  spec t r a l  informa- 

t i o n  t h a t  may be obtained from s i l i c a t e  minerals 

i n  the f a r  in f ra red  region; 

2) a study of the  e f f e c t s  of the  s t a t e  of 

sur face  aggregation, especial ly  f o r  f i n e  par t icu-  

l a t e  surfaces ,  on the  information content of such 

spec t ra ;  

3) considerations of t h e  ways i n  which the  

spec t ra  of composite samples may be understood 

i n  terms of the spec t ra  of t h e i r  components, and 

4) a b r i e f  descr ipt ion of the  instrumental 

considerat ions tha t  would b e  involved i n  u t i l i z -  

ing these  r e s u l t s  on a space mission. 

V 



FAR INFRARED SPECTRA OF SILICATE MINERALS FOR USE 

I N  REMOTE SENSING OF LUNAR AND PLANETARY SURFACES 

I .  INTRODUCTION 

This r epor t  d e t a i l s  the  r e s u l t s  and conclusions of our  study 

of mineral  spectroscopy i n  the  f a r  in f ra red  region of the  spectrum. Our 

s t u d i e s  have been concentrated i n  the 15-2OOp (667-50 cm ) region. The 

ob jec t ives  of t h i s  work were t o  examine the  problems and a s c e r t a i n  the  

f e a s i b i l i t y  of  remote sensing of t he  composition of t h e  Moon (o r  tenuous 

atmosphere p lane ts ,  such a s  Mars) and eva lua te  t h e  importance of the  f a r  

i n f r a r e d  s p e c t r a l  region t o  t h i s  end. We i n i t i a t e d  our s tud ie s  i n  t h i s  

a rea  under a previous contract") t o  which w e  w i l l  r e f e r  repeatedly,  bu t  

we in tend  t o  u t i l i z e  some of t he  r e s u l t s  of t h a t  work i n  t h i s  r epor t  so 

as t o  obvia te  the  need f o r  cont inual  re ference  t o  the  e a r l i e r  r epor t .  

-1 

The subjec t  mat te r  has na tu ra l ly  devolved i n t o  a s e r i e s  of 

smaller problem areas  t h a t  we have pursued concurrently t o  some degree. 

They are: 

1. The degree of usefu l  mineral spectroscopic  information 

p resen t  i n  the  f a r  i n f r a red  and i t s  c h a r a c t e r i s t i c  s i m i l a r i t i e s  and d i f -  

fe rences  from t h a t  ob ta inable  i n  the  near  and middle in f r a red  regions.  

2. The e f f e c t s  of departures from o p t i c a l l y  smooth surfaces  

( p r i n c i p a l l y  t o  f i n e  p a r t i c u l a t e  surfaces)  on the  information content of 

s p e c t r a  i n  general .  

3 .  The na ture  of  t he  ways i n  which the  spec t r a  of composite 

samples may be derived from the  spectra  of individual  minerals  and the  

r e s u l t i n g  implicat ions f o r  disentangling composite spec t r a  i n  p rac t i ca l  

cases  . 

1 
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I n  addi t ion ,  our work on these problems s t imulated Arthur D. 

L i t t l e ,  Inc., t o  consider t he  prec ise  kind of equipment t h a t  would be 

most usefu l  i n  car ry ing  out  the  actual  explora t ion  and mapping of lunar  

o r  p lane tary  su r face  composition. Our judgments on t h i s  sub jec t  were 

de ta i l ed  i n  a proposal"), e n t i t l e d  "Mapping of t he  Composition of t h e  

Surface and Atmosphere of Mars by an Orbi t ing  Broadband In f ra red  I n t e r -  

ferometer," intended f o r  the  Voyager Mission. 

these sub jec t s  i n  some d e t a i l  i n  t he  body of t h i s  r epor t .  

We w i l l  d iscuss  each of 

For many years  t h e  f i e l d  of mineral  i n f r a red  spectroscopy has 

received considerable  a t t e n t i o n .  Lyon has  compiled a comprehensive 

b i b l i ~ g r a p h y ' ~ )  on t h i s  subjec t  i n  the course of carrying out  an exten- 

s i v e  program himself .  (47 5 ,  

e f f o r t s  i n  t h e  near  and middle inf ra red  regions f o r  which commercial 

instruments have long been ava i l ab le .  The f a r  i n f r a red  region (i .e. ,  

beyond - 25p) i n  t h i s  as i n  o ther  areas of spectroscopic  research has  

been almost t o t a l l y  neglected.  The reason f o r  t he  neglect  i s  simply the  

d l f f l m l t i e s  involved i n  working in this inhersn t ly  low signal region of 

the  spectrum. 

good sources  f o r  t he  region. Despite th i s  problem, general  instrumental  

improvements i n  recent  years  have g rea t ly  increased the  amount of f a r  

i n f r a r e d  research taking place.  (8) I n  addi t ion ,  l a s e r s  have now been 

developed f o r  a number of d i s c r e t e  wavelengths i n  the  region.(9) As t h i s  

r epor t  w i l l  show, w e  f e e l  t h a t  the  l a rge  amount of usefu l  s p e c t r a l  in for -  

mation i n  t h i s  region makes it very important t o  include i t  i n  plans f o r  

remote sensing of lunar  and planetary sur faces .  

Most i nves t iga to r s  have concentrated t h e i r  

Most of these  d i f f i c u l t i e s  (6'7) r e l a t e  to  the  lack  of 

While the  f a r  i n f r a red  spec t ra  t o  be obtained i n  remote sensing 

app l i ca t ions  from lunar  o r  planetary sur faces  w i l l  be s e l f  emission spec- 

tra, w e  have c a r r i e d  ou t  most of  our  work u t i l i z i n g  r e f l e c t i o n  techniques.  

The reason f o r  t h i s  i s  the  comparative s impl i c i ty  of the  r e f l e c t i o n  method 

with a v a i l a b l e  labora tory  instruments due t o  the  low power ava i l ab le  i n  

emission from cool samples. The basic  experimental techniques have been 

discussed i n  a p r i o r  r epor t .  (7) 

2 
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11. MINERAL SPECTROSCOPY I N  THE FAR INFRARED 

The f a r  i n f r a red  region has proved to  be exceedingly r i c h  i n  

s p e c t r a l  information f o r  s i l i c a t e  minerals. 

ing a s  even the  highest  frequency fundamentals, the antisymmetric sil- 

icon-oxygen s t r e t c h i n g  v ibra t ions ,  i n  most s i l i c a t e s  occur between 800 

This r e s u l t  i s  not  su rp r i s -  

and 1200 cm-l. 

hence lower frequencies.  I n  addition, d i f f e rence  bands, l a t t i c e  vibra-  

t i ons  and t h e i r  combinations with in t e rna l  v ib ra t ions  would be expected 

t o  appear i n  t h i s  low frequency region. 

A l l  o ther  fundamentals have lower force  constants  and 

The na ture  of t h e  spec t r a l  information about s i l i c a t e  minerals  

t h a t  occurs i n  the  f a r  i n f r a red  region i s  s imi l a r  t o  tha t  i n  the  higher  

frequency region, a l s o  being due t o  atomic group v ib ra t ions .  Such da ta  

a r e  very usefu l  i n  supplementing m i d d l e  i n f r a red  data ,  a s  i d e n t i f i c a t i o n  

of components of complex mixtures by t h e i r  spec t r a l  f ea tu re s  i s  g r e a t l y  

a ided  by an increase  i n  the  number of f ea tu re s  observed. 

however, there  a r e  important differences between the spec t r a  observed i n  

the  f a r  i n f r a red  and those i n  the m i d d l e  i n f r a red ,  and these  a r e  p a r t i c -  

u l a r l y  use fu l  i n  p rec i se  mineral  i d e n t i f i c a t i o n .  ( l o )  

r e s u l t  i n  p a r t  from the  g rea t e r  amount of coupling between small atomic- 

group v ib ra t ions  i n  the  low frequency region. This coupling r e s u l t s  i n  

v i b r a t i o n s  from l a r g e r  aggregates and hence spec t ra  t h a t  a r e  more char- 

a c t e r i s t i c  of s p e c i f i c  minerals.  The spec t r a  may therefore  be used i n  a 

f inge r -p r in t  sense.  

I n  addi t ion,  

These d i f fe rences  

A t  the  conclusion of our previous work,") we pointed out  t he  

s i g n i f i c a n t  d i f fe rences  t h a t  e x i s t  i n  t he  f a r  in f ra red  r e f l e c t i o n  spec- 

t ra  of a number of s i l i c a t e  minerals of d i f f e r e n t  s t r u c t u r a l  types.  In  

order  t o  c l a r i f y  the  spec t r a l - s t ruc tu re  re la t ionships ,  we f e l t  t h a t  an 

increased  number of minerals  needed to be examined. 

emphasis should be  put on the  study of spec t r a l  va r i a t ions  within 

homologous series. 

We f e l t  p a r t i c u l a r  

3 



A. THE OLIVINES 

The f i r s t  s e r i e s  we chose to  pursue i s  t h a t  of the  o l iv ines ,  

which runs from f a y a l i t e  (Fe Si04) t o  f o r s t e r i t e  ( M g  S i 0  ), but  a l s o  

contains  a number of poss ib le  impurity cons t i t uen t s .  

f o r s t e r i t e  end of t h i s  series have been run t o  go along with the  f a y a l i t e  

spectrum of our previous work. They a r e  a 70:30 Fo:Fa mineral  obtained 

from Wards Natural  Science Establishment and a "pure" f o r s t e r i t e  syn- 

thesized i n  our l abora to r i e s .  The spec t ra  a r e  shown i n  Figure 1. The 

70:30 Fo:Fa o l i v i n e  i s  a c lose  approximation t o  the  o l i v i n e  present  i n  

the  Fores t  Ci ty  chondri te  (See Section IV). The spectrum of  "pure1' for-  

s t e r i t e  a s  prepared i n  our labora tor ies  i s  a l s o  shown i n  Figure 1. This 

ma te r i a l  w a s  p repared  by r eac t ing  Mg(N0 ) '6H20 and Si(0C H ) 

drous methanol. 

The product w a s  heated t o  remove v o l a t i l e  components and f i r e d  a t  1600°C 

f o r  1 2  hours. Well c r y s t a l l i z e d  "pure" M g  S i 0  w a s  i d e n t i f i e d  by X-ray 

d i f f r a c t i o n .  We are including a s l i g h t l y  modified vers ion  of our or ig-  

inal curve for- i aya l i t e  i n  this Iigure. It r e s u l t e d  from a carefu i  

reexamination of the  r a w  data.  

2 2 4  
Two samples a t  the  

i n  anhy- 3 2  2 5 4  
A c l e a r  l i q u i d  was produced which ge l led  on standing. 

2 4  

The method of studying spec t r a l  va r i a t ions  i n  homologous series 

by preparing known isomorphic compounds has been e luc ida ted  i n  a recent  

series of papers (lo'll) by Tarte .  He has appl ied t h i s  method t o  t rans-  

mission spec t r a  of o l i v i n e s  to  frequencies a s  low a s  280 cm ( 3 6 ~ ) .  

This study ind ica t e s  t h a t  from 1000 cm t o  450 cm the  o l i v i n e  strue- 

4 t u r e  i s  charac te r ized  by a f a i r l y  spec i f i c  band pa t t e rn  due t o  the Si0 

te t rahedra .  From 450 c m  t o  280 cm , Tar te  f inds  the  spectrum t o  be 

more inf luenced by the  na tu re  of the  ca t ions  present .  Thus i t  i s  easy 

t o  understand the  l a r g e  spectral va r i a t ions  i n  the  low frequency region 

f o r  t h i s  s e r i e s  when compared t o  the  r e l a t i v e l y  small v a r i a t i o n s  i n  the  

middle in f r a red .  

-1 

-1 -1 

-1 -1 

(4) 
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B. THE PLAGIOCLASE FELDSPARS 

I n  Figure 2, w e  show the  f a r  i n f r a red  spec t r a  of two plagio- 

c l a s e  fe ldspar  minerals ,  a l b i t e  and o l igoc lase .  These two minerals  are 

members of another homologous series and a r e  c lose  i n  chemical composi- 

t i o n  ( a l b i t e  r e f e r s  t o  a compositional range from Ab, t h e  "pure" mineral 

NaA1Si308, t o  AbgOAn10 where An represents  t he  o the r  end member of t h i s  

s e r i e s ,  ano r th i t e ,  CaA12Si208; o l igoc lase  r e f e r s  t o  the  range Ab 

t o  Ab An ). Here t h e  poin t  t h a t  orientation-polarization e f f e c t s  can 

be so g r e a t  with c r y s t a l  samples as to r equ i r e  t h a t  d i f f e r e n t  or ien ta-  

t i ons  be considered a s  d i f f e r e n t  minerals i s  w e l l  demonstrated. 

9oAn10 

70 30 

It should be noted t h a t  the sample of a l b i t e  used t o  ob ta in  

the  upper spectrum w a s  o r i en ted  so tha t  the  r ad ia t ion  impinged on the  

(001) face,  and t h e  (100) cleavage i s  approximately perpendicular t o  the  

plane of incidence. The (001) cleavage exposes the  twin s t r i a t i o n s  of 

p l ag ioc la se  f e ldspa r s  and t h e  spectrum thus conta ins  information from 

two o r i en ta t ions .  

however so that the  o r i e n t a t i o n  i s  e s s e n t i a l l y  t h a t  shown i n  Figure 2. 

A s  such twinning i s  almost un iversa l  i n  fe ldspars ,  exposure of t h i s  

cleavage plane i s  very common. 

The twinned c r y s t a l s  a r e  only o f f s e t  by a few degrees 

A d e t a i l e d  examination of Figure 2 shows t h a t  the  d i f fe rences  

between two such s i m i l a r  minerals as s imi l a r ly  or ien ted  a l b i t e  and 

o l igoc la se  a r e  observable i f  s u f f i c i e n t  s p e c t r a l  range i s  involved, and 

s p e c t r a l  i n t e n s i t i e s  and shapes a r e  considered as w e l l  as band frequencies.  

Some of the  absolu te  i n t e n s i t y  differences may be ascr ibed t o  d i f fe rence  

i n  po l i sh  of the  r e spec t ive  surfaces ,  but  the  r e l a t i v e  i n t e n s i t i e s  a r e  

more s i g n i f i c a n t .  Comparison of the  two o r i en ta t ions  of a l b i t e  i s  i n t e r -  

e s t i n g  both from the  poin t  of view of o r i e n t a t i o n  invar ian t  f ea tu re s  

(e.g. ,  the  "a lb i t e "  band near 90 cm and perhaps the  330 cm fea ture)  

and t h e  d r a s t i c  changes i n  the  remainder  of the  spectrum. These a r e  the  

types of observat ions necessary t o  assign d i f f e r e n t  bands t o  t h e i r  vibra-  

t i o n a l  o r ig ins ,  but of secondary i n t e r e s t  i f  one i s  deal ing with 

-1 -1 
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"randomized" samples i n  remote sensing app l i ca t ions .  

randomly o r i en ted  samples a r e  preferable  t o  o r i en ted  c r y s t a l s  i f  one can 

assume no p re fe r r ed  o r i e n t a t i o n  i n  na tura l  environments. 

For t h e  la t ter  case 

C. SERPENTINE 

We have a l s o  run serpentine,  Mg S i  0 (OH)8, a l a y e r  s t r u c t u r e  6 4 10 
orthorhombic mineral .  

p o l y c r y s t a l l i n e  sample o f  t h i s  l a y e r  la t t ice  s i l i ca t e .  

The spectrum shown i n  Figure 3 was run on a massive 

It bears a s t r i k -  
ing  resemblance, i n  the  250-680 cm -1 region, t o  data  obtained by Hunt (12) 

except t h a t  w e  appear t o  have s u f f i c i e n t l y  g r e a t e r  r e so lu t ion  t o  c l e a r l y  

s p l i t  t h e  l a r g e  band near 480 cm 
-1 480 cm 

though incompletely resolved. 

-1 -1 

These fea tures  can be observed i n  Hunt's spectrum 

in to  th ree  components a t  435 cm , 
, and 510 cm-l .  

D. HORNBLENDE 

The spectrum of hornblende, an  amphibole with a double chain 

s t r u c t u r e ,  i s  shown i n  Figure 4 .  The s i n g l e  c r y s t a l  w a s  or iented so t h a t  

L l l r  lldllltf 1lULll"lrllde inc:iidea ra;iaii"n was r e i i r c t e d  W l ' i  ;sol; face. InL- ---- L - - - - L l - -  

a series of compositions with varying c a t i o n  s u b s t i t u t i o n s .  

formula is  X 
Fe, A l ;  and Z can be A l ,  S i .  The composition of our sample i s  given i n  

Table I. 

A general  

(0,0H,F)2, where X can be Ca, N a ;  Y can be Mg, 2 0 2-3'5-7 8 22 

E. ENSTATITE 

I n  Figure 5 w e  have reproduced t h e  s p e c t r a  of e n s t a t i t e  from 

This mineral i s  orthorhombic but  has a t e t r a -  our  previous r epor t .  (') 

hedral  s i n g l e  chain s t r u c t u r e .  It i s  p a r t  of an isomorphous series, 

being t h e  magnesium-rich end (FeO < 13%) o f  t h e  e n s t a t i t e - f e r r o s i l i t e  

(Mg2Si206-MgFeSi 0 -Fe S i  0 ) series. 

formula, aluminum i s  o f t e n  present i n  t h i s  series.  The desc r ip t ion  ac- 

companying the  sample ind ica t ed  t h a t  t h e  e n s t a t i t e  was a l t e r i n g  t o  

Although no t  indicated by the  
2 6  2 2 6  
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serpent ine.  I g n i t i o n  of the  sample a t  1000°C fo r  one hour showed a 

water loss, ind ica t ing  approximately 7.9% serpent ine by weight. Our 

measurements were made on the  (100) face of t h i s  c rys t a l .  

F. MISCELLANEOUS COMPONENTS OF THE FOREST CITY CHONDRITE 

A number of our samples were run i n  order t o  compare the  spec t ra  

of individual  samples and t h a t  of a composite ( the  Forest  City Chondrite). 

This w i l l  be discussed i n  a l a t e r  sect ion.  

Among these w e  have run the spectrum of a composite sample con- 

ta in ing  a fe ldspar  and pigeoni te .  

Ab52An48 which i s  an andesine ( i . e . ,  Ab An to  Ab An ). It w a s  nec- 

essary t o  run t h i s  sample as w e  were unable t o  obtain a s u f f i c i e n t l y  

l a rge  sample of pigeoni te  having a composition c lose  to  tha t  reported a s  

The fe ldspar  composition i s  c lose  t o  

70 30 50 50 

being present  i n  the Forest  City Chondrite. (1) 

The feldspar  i n  t h i s  rock was determined t o  be Ab by measure- 52 
ment of the  ex t inc t ion  angle of many p a r t i c l e s .  The index of r e f r a c t i o n  

w a s  a l s o  measured and the  r e s u l t s  fo r  t h e  j00ij face give n between i.560 

and 1.551, thus ind ica t ing  Ab 52An48 as the  composition of the  feldspar .  

These r e s u l t s  are believed accurate  to wi th in  2%. 

sample ind ica t e s  the  fe ldspar  t o  be andesine. The pyroxene f r a c t i o n  

contains  i ron  and has a d i f f r a c t i o n  pa t te rn  c lose  to  t h a t  of diopside. 

Hence i t  i s  a good approximation t o  the pigeoni te  of the Forest  City 

Chondrite. W e  c a l c u l a t e  t ha t  the  composite feldspar-pigeonite sample has  

a composition of 65 k 5% pigeoni te  and 35 7 5% feldspar  on the  face  w e  

are examining. 

urements on a photograph of the  sample face  studied. It i s  shown i n  

Figure 6 along with the  spectrum obtained. 

X-ray ana lys i s  of t he  

The est imat ion was car r ied  out by making planimeter meas- 

I n  Figure 7 i s  shown the  ra ther  un in te res t ing  spectrum of 

t r o i l i t e  which has a chemical composition c lose  t o  FeS and w a s  present 

i n  the  Forest  City Chondrite. 

14 

atthrtr D.XittIe.3nr. 



0 
In 

0 
0 
d 

0 
Wl 
rl 

0 
0 
N 

0 m 
hl 

0 
0 
m 

0 

0 
0 
-3 

0 m c 

0 
0 m 

0 
rT\ 
v) 

0 
0 

I h I I I I I I I 0 0 
0 0 0 0 0 0 0 0 0 0 -  
Q\ cn b \D In .+ m hl rl 

33NVU3’LGfX ;LM3X3d 

15 



rl I 

rl 
I 
E - L  
0 7  

h 

0 

d 
I 

E $  
m 
0 

4 
I 

5 A  
r 

0 
4 

- - -  

a 
k 
ZJ 
U 
(d 
k 
QI a 

w 

h 

N 

i 

0 
~~ m 

16 



A summary of the pertinent information such as chemical compo- 

sition, crystal orientation, and source for all the minerals studied is 

given in Table I. 

G. POLARIZATION EFFECTS 

It is very important to note the effects of instrumental polar- 
ization (Figure 8) on the measured spectra. 

changes in instrumental polarization which result from the changes in 

optical components (shown by the dashed vertical lines) may be quite 

As shown in the figure 

large. Our measured reflectances are given by the formula 

R = 1/2 (1 + V) R + 1/2 (1 - V) Rm 
m lr 

where R is the measured reflectance, R is the reflectance of radiation 
with a perpendicular orientation between the electric vector and the plane 
of incidence, R is the reflectance for the  parallel component and V is 

the polarization of the spectrometer. 

m U 

lr 

Ilr - I U  

I + I  v =  
T U  

where the 1's are the intensities of radiation with a polarizer set to 

pass the appropriate polarized radiation. In the figure we have plotted 

Ivl. 

R and R are, of course, smooth functions of frequency or 
lr 0- 

wavelength but the drastic changes in instrumental polarization at, for 

instance, 500 cm is a contributing factor to the spectral discontin- 

uities often observed at this point. 

-1 

By and large the other polarization discontinuities are too 

small to show in the measured spectra. 

17 



I 

cn 
W 
c3 

3 U 

E 

9 
8 

w 
2 
0 

d 
E 
0 

t, 

l= 

H 
A 

n 

'. 
i 

i 

\ 

i 
1 

I= 

b 

H 
A 

H 

/* 
i 

j 
I 
i 
i 

-~ 
C n w ~ a O I A m N F i  

0 0 0 0 0 0 0 0 0 0  
. . 

I A 1 NOIiVZI)ItT'IOi3 
18 

3 n 

3 
3 
-4 

3 
n 
4 

3 
3 
N 

3 

N 
n 

3 
3 
?-I 

3 n 
5 

n 
3 

1 
in * 

0 
O 
rn 

O m 
m 

0 
0 
rD 

0 
v) 
rD 

0 
0 
b 



111. STATE OF SURFACE AGGREGATION 

Previous s tudies (5)  show that  good spec t r a  of high information 

content  can be obtained by r e f l e c t i o n  o r  emission from bulk minerals,  

whether pol ished o r  rough. 

t i o n  spec t r a  of increased i n t e n s i t y ,  owing t o  the  cont r ibu t ion  of volume 

r e f l e c t i o n  (See Section 1 1 1 , B ) .  The re f l ec t ance  i s  f u r t h e r  enhanced a s  

the  p a r t i c l e  s i z e  i s  reduced (13) which w e  be l i eve  t o  be the  r e s u l t  of 

increased backsca t te r ing  due  t o  mult iple  i n t e r n a l  r e f l e c t i o n s  wi th in  the  

g ra ins  when t h e  p a r t i c l e s  a r e  l a r g e r  than t h e  wavelength. However, when 

the  p a r t i c l e s  a r e  made smaller  than the wavelength, the  r e f l ec t ance  f a l l s  

o f f  d r a s t i c a l l y  and, therefore ,  t he  mater ia l  almost appears t o  be a 

blackbody. 

Coarse p a r t i c u l a t e  ma te r i a l  w i l l  g ive r e f l e c -  

A t  the  conclusion of our previous work, w e  were very concerned 

about t h i s  apparent l o s s  of s p e c t r a l  de t a i l s  i n  spec t r a  r e s u l t i n g  from 

f i n e  p a r t i c u l a t e  sur faces .  We proposed a t h e o r e t i c a l  i nves t iga t ion  of 

t h i s  problem along with severa l  laboratory experiments i n  order  t o  t r y  

t o  reso lve  some apparent contradict ions between var ious experimental 

r e s u l t s  (1,4,14) and e x i s t i n g  theory.  

A. EXPERIMENTAL RESULTS 

W e  began the  study of t h e  problem of s p e c t r a l  con t r a s t  on re- 

f l e c t i o n  from p a r t i c u l a t e  sur faces  by preparing a new sample ( t h e  or ig-  

i n a l  had been damaged) from our  1-micron f a y a l i t e  powder a s  de t a i l ed  i n  

our  previous work. This surface,  prepared exac t ly  a s  before, appeared 

somewhat darker on v i s u a l  inspect ion but,  as samples have had t h i s  type 

of v a r i a b i l i t y  before,  we proceeded with our measurements. 

of t h i s  sample i s  shown i n  Figure 9 .  

s u r f a c e  was run on our Perkin-Elmer 521 double beam ana ly t i ca l  spectrom- 

A photograph 

A r e f l e c t i o n  spectrum of the powder 

eter. 

l o s e s  s e n s i t i v i t y  toward the  end of the  region. The ob jec t  w a s  t o  scan 

This instrument i s  capable of measurements t o  250 cm-I although i t  

19 
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FIGURE 9 .  FAYALITE POWDER REFLECTING SURFACE 
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t he  spec t r a l  region i n  question many timea i n  an attempt t o  average out 

the  noise  and so determine whether the s igna l  ac tua l ly  contained the  

spec t r a l  c o n t r a s t  information present i n  bulk samples. I t  proved unnec- 

essary t o  do t h i s  as ,  i n  the course of an i n i t i a l  run, an a t tenuator  was 

placed i n  the reference beam, and with s u i t a b l e  differences i n  s l i t ,  

gain, etc., w e  were ab le  t o  obtain s u f f i c i e n t  spec t r a l  cont ras t  t o  rec- 

ognize a somewhat displaced f a y a l i t e  spectrum. This i s  shown i n  Figure 

10. 

r ed  Spectrophotometer by making necessary adjustments i n  s l i t  and gain 

se t t i ngs .  This i s  shown i n  Figure 11, along with the  spectrum of bulk 

f a y a l i t e .  

521 i s  30" and with the 201-C i t  i s  45". Further,  the  polar iza t ion  

c h a r a c t e r i s t i c s  of the 521 are unknown and the  c a l i b r a t i o n  i s  less w e l l  

known t h a t  with the  201-C. There appears t o  be a long wavelength s h i f t  

of the spectrum using the 521 Spectrophotometer f o r  the powder sur face  

as compared t o  the  bulk f a y a l i t e  spectrum. The wavelength s h i f t  is  d i f -  

f i c u l t  t o  explain and cannot be en t i r e ly  a t t r i b u t e d  t o  instrumental 

d i f f i c u l t i e s  s ince  i t  does not vanish although i t  i s  perhaps somewhat 

reduced i n  the  powder spectrum run on t h e  201-C. 

s i m i l a r i t y  of the spec t ra  obtained from the  two instruments i s  obvious. 

A run on the new sample under conditions s i m i l a r  t o  those used i n  our 

previous work shows t h a t  somewhat higher re f lec tance  and enhanced spec- 

t r a l  details a r e  obtainable  with t h i s  sample than with the o r ig ina l  (See 

Figure 12) .  

condi t ions (without reference beam at tenuat ion)  show a comparable r e f l e c t -  

ance level of approximately 5 to  10Xwith some small fea tures  v i s i b l e .  

W e  f e e l  the poin t  is amply demonstrated t h a t  spec t r a l  cont ras t  i s  obtain- 

a b l e  i n  r e f l e c t i o n  experiments from f ine  powder surfaces .  The importance 

of t h e s e  experiments i s  t h a t  while re f lec tance  i s  reduced on going from 

bulk t o  p a r t i c u l a t e  surfaces ,  the conclusion reached by C ~ r l i s s " ~ ) ,  t h a t  

" s p e c t r a l  s t r u c t u r e  i s  wiped out" by f i n e l y  powdered substances i n  emis- 

sion, i s  incor rec t .  

W e  proceeded to  obtain a similar spectrum using our 201-C Far Inf ra -  

It should be  noted t h a t  the angle of incidence used with the 

Nevertheless, t he  

Runs made with the  521 Spectrophotometer under "more normal" 
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Further powder spectra  were obtained from f i n e  p a r t i c u l a t e  

samples of quartz which are shown i n  F i g u r e  13. These spectra  were ob- 

tained with two d i f f e r e n t  packing f rac t ions  (volumes) t o  i l l u s t r a t e  the 

e f f e c t  of void spaces on the spectra. The quartz powder has a p a r t i c l e  

s i z e  range from 1.6 to  5 microns and is shown i n  Figure 14.* The less 

dense sample w a s  placed i n  an aluminum cup and the  sample face  smoothed 

with a spatula.  

f o r  making specular measurements. The denser sample was compressed 

somewhat by slight:  pressure i n  order to  obtain a d i f f e ren t  packing vol- 

ume. We f e e l  t h a t  there  is no longer any p o s s i b i l i t y  of doubt t h a t  

spec t r a l  d e t a i l s  are present i n  f i n e  powder samples. 

This w a s  necessary as our instrumentation is  designed 

We o r ig ina l ly  thought t h a t  our previous experimental r e s u l t s  (1) , 
as w e l l  as those of Van Tassel and Simon(14) who made emission measure- 

ments, could be explained simply on the bas i s  of a l a rge  d i f fuse  compo- 

nent t o  the  rad ia t ion .  

ness of the  sample (See Figure 9) ra ther  than the individual p a r t i c l e  

s i z e  and would have the e f f e c t  of cu t t ing  down the  measured s igna l  u n t i l  

This component might r e s u l t  from the gross rough- 

oignsl-t=-n=ise pr&. las  -A& geed spectr-1 c=ntrsst  m,e=sur,mests dif= 

f i c u l t .  This assumption was tes ted  for our experimental arrangement by 

comparing the  ref lectance l eve l  i n  the "specular" posi t ion with tha t  i n  

several "diffuse" posi t ions of the sample. As the incident and detected 

beams are fixed 90' apar t  i n  our spectrometer, w e  rotated the sample i n t o  

the  incident  beam f o r  our measurements. This had the e f f e c t  of giving an 

angle of detection equal t o  90'-i where i i s  the  angle of incidence. By 

turning the sample i n t o  the incident beam, w e  avoided any energy bypass- 

ing t h e  sample altogether.  The r e su l t s  a r e  shown i n  Figure 15, where i t  

can be seen t h a t  t he  r e f l ec t ed  radiation f a l l s  o f f  very rapidly as the 

"specular" beam i s  l o s t  t o  the  view of the  detector.  This experiment 

renders our t en ta t ive  explanation of the s igna l  l o s s  invalid.  W e  note 

* 
Some l a rge r  p a r t i c l e s  a r e  v i s i b l e  i n  the photograph, but numerous 

microscopic examinations show the bulk of the material t o  be i n  the 
1.6 t o  5 microns range. 
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t h a t  t h e  angular spread of the  "specular" beam i s  s imi l a r  t o  what w e  ex- 

pected, judging by t h e  o p t i c a l  diagram of our instrument. Therefore our 

sample is  e s s e n t i a l l y  a specular  r e f l e c t o r .  

We were l e f t  with t h e  conclusion t h a t  spec t r a l  d e t a i l s  can be 

discerned i n  r e f l e c t i o n  from p a r t i c u l a t e  media and, by implicat ion,  by 

proper use  of Kirchhoff 's  Law, i n  emission. However, the experimental 

observat ions of lessened r e f l e c t i o n  and less eas i ly  observed s p e c t r a l  

detai ls  remain. 

Our explanation of these phenomena i s  based upon packing den- 

s i t y  r a t h e r  than p a r t i c l e  s i ze .  It is  t rue ,  however, t h a t  f i n e  p a r t i c l e s  

genera l ly  pack r a t h e r  loosely.  As i s  w e l l  known, r e f l e c t i v i t y  is  given 

i n  terms of t h e  o p t i c a l  constants  of  the  medium, n and k, by the  Fresnel  

equations of which the  s implest  is, a t  normal incidence 

2 2  
(n - 1) + k 

(n + 1) + k R -  2 2  (3) 

I f  t h e  mater ia l  i n  question i s  i n  l a r g e  measure made up of voids, 

then n and k should be replaced by e f f e c t i v e  op t i ca l  constants  where these 

q u a n t i t i e s  a r e  averaged over t h e  mater ia l  and the  vacuum. As a f i r s t  ap- 

proximation when the complex r e f r a c t i v e  index, n - ik ,  is  c lose  t o  1, the 

average index is given by (16) 

- - 
n - i k  = f ( n  - i k  - 1) (4) 

where f i s  the  packing density,  o r  the f r a c t i o n  of t h e  volume occupied by 

t h e  p a r t i c l e s .  This leads  t o  the  equation* (17) 

2 2  
(n - 1) + k 

2 2 2  R =  
( n + r - l )  + k  

(5) 

* 
The t h e o r e t i c a l  der iva t ion  of t h i s  expression i s  given i n  t h e  following 

sec t ion .  
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I 

An example shows t h e  type of e f f e c t  t o  be expected. 

k = 1, R f o r  t he  bulk material would be 0.172 o r  17.2%. For the same 

material with 50% of the  bulk density, Rwould be 0.059 o r  5.9% (see next 

s ec t ion ) .  

opposed t o  d = 4.14 f o r  bulk f a y a l i t e .  

nomenon could explain L y ~ n ' s ( ~ )  data  f o r  2001 Al2O3. H e  described h i s  

technique as compacting t h e  material so t h a t  i t  would s t a y  i n  h i s  ver- 

t i ca l  sample holder.  

powder i n  a s i m i l a r  holder  and found t h a t  the  powder w i l l  s t a y  i n  a ver- 

t i c a l  pos i t i on  under a l a r g e  range of dens i t i e s ,  including 0.1 of t h a t  

of the  bulk material. 

f l e c t a n c e  o r  i nc rease  i n  emittance. W e  observe t h a t  t he  ac tua l  emittance 

value given by Lyon f o r  h i s  2001 powder i s  very c lose  t o  blackbody, being 

derived from a very low re f l ec t ance  value by means of Kirchhoff 's  Law. 

I n  p r i n c i p l e  t h i s  type of d i l u t i o n  e f f e c t  does permit t h e  r e t e n t i o n  of 

some s p e c t r a l  con t r a s t  as w e  discuss i n  the  next sec t ion .  

For n = 1.5  and 

A rough check on t h e  density of our material  gave d - 2.5 as 

It i s  poss ib l e  t h a t  such a phe- 

We attempted t o  simulate t h i s  with 500i  A1203 

This would give an even g r e a t e r  reduct ion i n  re- 

When n - i k  i s  not  c lose  to  1, no simple equation f o r  r e f l e c t -  

ance i s  obtained. I n  i t s  place w e  have derived the  following mixing r u l e  

haserl CIT! the LGrentz-Lcrenz theory  of dtelectr ics .  

2 
(n - i k )  - 1 

( n  - i k ) 2  + 2 

2 
= f  <G - iT;) - 1 

(n - ii;l2 + 2 

W e  w i l l  d iscuss  a general ized form of t h i s  equation and show i t s  deriva- 

t i o n  i n  a l a te r  sec t ion  of t h i s  report .  

may then be used with t h e  Fresnel equations to  compute r e f l e c t a n c e  f o r  a 

f i n e  p a r t i c u l a t e  surface.  

The "averaged" o p t i c a l  constants  

IFW B. THEORY OF THE SPECTRAL REFLECTANC 
OF A SEMI-INFINITE PARTICULATE MEDIUM 

Considerable i n s i g h t  i n t o  the spec t r a l  r e f l e c t a n c e  character-  

i s t ics  o f  a p a r t i c u l a t e  medium can be obtained by means of a simple model 
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i n  which d i f f u s e  r ad ia t ion  i s  r e f l e c t e d  from a semi - in f in i t e  medium 

composed of randomly d i s t r i b u t e d  spher ica l  p a r t i c l e s  of uniform d i a m e t e r .  

For such a model the  re f lec tance ,  i n  general ,  depends on the  wavelength 

h of the  r ad ia t ion ,  the o p t i c a l  constants  n(x) and k(X) of the  material 

of which t h e  p a r t i c l e s  a r e  composed, the  diameter d of t he  p a r t i c l e s ,  t h e  

average center- to-center  spacing D o f  t h e  p a r t i c l e s ,  and the  condi t ion  of  

the  su r face  o f  the  medium. The re f lec tance ,  i n  general ,  c o n s i s t s  of  both 

a volume and a su r face  contr ibut ion.  

The volume cont r ibu t ion  a r i s e s  from incoherent s c a t t e r i n g  by 

the  p a r t i c l e s  and predominates when the medium cons i s t s  of widely-spaced 

p a r t i c l e s  of any s i z e ,  as i n  a cloud o r  gas, o r  of  closely-spaced par- 

t ic les  of s i z e  l a r g e r  than a wavelength. 

The su r face  cont r ibu t ion  has  both a coherent component--the 

specular  r e f l e c t i o n ,  and an incoherent component--the d i f f u s e  r e f l e c t i o n .  

The r e l a t i v e  magnitudes of the  two su r f ace  components depend on the  rough- 

ness  of t he  sur face .  Surface r e f l e c t i o n  predominates over volume r e f l e c -  

t i o n  when the  medium cons i s t s  of  closely-spaced p a r t i c l e s  of s i z e  much 

l e s s  than a wavelength. 

1. Volume Reflect ion 

The condi t ions f o r  predominantly volume r e f l e c t i o n  a r e  repre-  

sen ted  schematical ly  i n  Figure 16 where d i f f u s e  inc ident  r a d i a t i o n  i s  

represented by the  symbol 1 and d i f fuse  r e f l e c t e d  r ad ia t ion  by the  

symbol Rv. The s inusoida l  wave on the  r i g h t  i nd ica t e s  t h a t  the wave- 

length  of the  r ad ia t ion  i s  small compared with the  p a r t i c l e  diameter. 

The packing dens i ty  of the  p a r t i c l e s  i s  s o  low t h a t  t he  su r face  r e f l e c -  

t i o n  e f f e c t  t o  be discussed l a t e r  i s  n e g l i g i b l e  compared with the  

volume e f f e c t  . 

The d i s t r i b u t i o n  of t he  sphe r i ca l  p a r t i c l e s  shown i n  the  d i -  

agram i s  meant only t o  ind ica t e  the average spacing and would therefore ,  
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f o r  example, represent  approximately the case of a " f a i r y  cast le ' '  s t ruc-  

t u r e  composed of a very porous network of p a r t i c l e s  of s i z e  considerably 

l a r g e r  than the  wavelength of t he  rad ia t ion .  An experimental j u s t i f i c a -  

t i o n  fo r  t h i s  model of the  fa i ry-cas t le  s t r u c t u r e  i s  t o  be found i n  the 

work of Blevin and Brown (19) who found t h a t  the r e f l e c t a n c e  of a powder 

composed of p a r t i c l e s  l a rge r  than the  wavelength was almost independent 

of t he  p a r t i c l e  spacing over a range from very wide spacing down t o  

spacings where the p a r t i c l e s  were almost i n  contact .  

Volume r e f l e c t i o n  can be evaluated most simply by the  two-beam 

+ theory of Schuster (20) i n  which forward and backward r a d i a t i o n  fluxes I 

and I represent  the  s t a t e  of the r a d i a t i o n  a t  any poin t  i n  the medium, 

a d is tance  x from the  surface.  The d i f f e r e n t i a l  equations f o r  I+ and I 

a r e  : 

- 
- 

- dl+ - (K + S)I+ + S I  
dx - 

- d I  

dx - - -+ - - = - (I(+ S)I + S i  

(7) 

(8) 

where K and S a r e  the  macroscopic absorption and backscat ter ing coef f i -  

c i e n t s  of the  medium. 

The general  solut ion of t h e  simultaneous f i r s t -o rde r  d i f f e r -  

e n t i a l  equations 7 and 8 can eas i ly  be shown to  be: 

+ B  ( I + -  :-/-$$) e -dK?-zz 
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I n  the  case of a semi- inf in i te  medium, I and I must approach 

zero f o r  l a r g e  x. Thus A = 0. The r e f l ec t ance  R can then be evaluated 

a s  t he  r a t i o  of I t o  I a t  x = 0: 

+ - 
V 

- + 

It i s  noteworthy tha t  the r e f l ec t ance  depends only on the  r a t i o  

K/S of the  absorpt ion and back-scat ter ing coe f f i c i en t s .  

p a r t i c l e s  a re ,  on the  average, f a r  enough apar t  t h a t  they a c t  e s s e n t i a l l y  

independently, one can w r i t e  

Now, when t h e  

S = N u S  

where N i s  t h e  number of p a r t i c l e s  per  u n i t  volume, n i s  the  absorption 

cross-sect ion,  and ns i s  the back-scat ter ing cross-sect ion of a s i n g l e  

p a r t i c l e .  Thus 

a 

U K a  - = -  
Us 

and from equation 11 

This expression shows that  the  r e f l ec t ance  i s  independent of the  

number of p a r t i c l e s  per un i t  volume, i n  accord with the  experimental re- 

s u l t s  of Blevin and Brown(19), and i s  a funct ion only of the  r a t i o  of t h e  

two cross-sect ions of a s ing le  pa r t i c l e .  Figure 17, which i s  a p l o t  of 

equat ion 15, shows t h a t  R decreases q u i t e  rap id ly  a t  f i r s t  a s  the  r a t i o  

of absorpt ion t o  s c a t t e r i n g  cross-sect ion increases ,  but then f a l l s  off  

more slowly when CT /D 

V 

exceeds 1. 
a s  
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I 

I n  p r inc ip l e ,  the  r a t i o  u /o could be ca l cu la t ed  as  a funct ion 
a s  

of wavelength by means of t h e  s c a t t e r i n g  theory of M i e  f o r  any given de- 

pendence of t he  complex index of r e f r a c t i o n  n - i k  on wavelength. I n  

p rac t i ce ,  however, the computation would be very d i f f i c u l t  because CJ i s  

the  c ros s  sec t ion  f o r  s c a t t e r i n g  i n t o  t h e  backwards hemisphere and not  

t h e  t o t a l  s c a t t e r i n g  cross-sect ion tha t  i s  r e l a t i v e l y  easy t o  de r ive  from 

t h e  M i e  theory. ( I6)  

about t h e  dependence of u / u  on n ( l ) ,  k(h), and d/h. 

S 

Therefore only a q u a l i t a t i v e  discussion w i l l  be given 

a s  

Of g r e a t  i n t e r e s t  i s  the  way i n  which u /u (and the re fo re  R ) 

depends on the  absorption index k(A). I n  the  l i m i t i n g  case of  p e r f e c t l y  

t r anspa ren t  p a r t i c l e s  f o r  which k = 0, t h e  r a t i o  u /u i s  zero s i n c e  no 

absorpt ion occurs within t h e  p a r t i c l e s .  Thus, from Figure 17, Rv = 1. 

I n  the  o the r  l i m i t i n g  case of pe r fec t ly  r e f l e c t i n g  p a r t i c l e s  f o r  which 

k = 00, ma/us i s  again zero s ince  no energy can e n t e r  the  p a r t i c l e s  and 

be absorbed. Therefore, R = 1 i n  t h i s  case, a l so .  The dependence of R 

on k must therefore ,  i n  general ,  resemble t h e  curve i n  Figure 18a i n  

which R approaches 1 f o r  some intermediate value k 

a maximum. The minimum of t h e  R curve i n  Figure 18a means t h a t  two types 

of absorpt ion h i i d s  should b e  distizg~ishable ir? the vol l ime r e f l e c t i o n  

1 s p e c t r a  of p a r t i c u l a t e  media. A weak band f o r  which k i s  l e s s  than k 

throughout t he  band w i l l  appear as a d i p  i n  t h e  s p e c t r a l  r e f l e c t a n c e  

curve, as shown i n  Figure 18b, because R decreases as k(X) increases .  

On t h e  o t h e r  hand, a s t rong  r e s t s t r a h l e n  band f o r  which k becomes g r e a t e r  

than k over p a r t  of t h e  band w i l l  appear w i t h  t h e  opposi te  p o l a r i t y  as 

i n  F igure  18c, s ince  R now increases wi th  increasing k, according t o  

Figure 18a. The two kinds of bands can b e  c a l l e d  d i e l e c t r i c - t y p e  bands 

and meta l l ic - type  bands, respect ively.  The experimental r e s u l t s  of Blau 

a s  V 

a s  

V V 

f o r  which ua/uS i s  
V 1 

V 

V 

1 

V 

and Espinola (21) on t h e  r e f l e c t i o n  of i n f r a r e d  r a d i a t i o n  by clouds of 

l a r g e  i ce  p a r t i c l e s  ( d -  50-100 microns) appear t o  show both kinds of 

bands. A t  t h e  cen te r s  of t he  r e l a t i v e l y  weak bands near 1.5 microns and 

2 microns the  r a d i a t i o n  r e f l e c t e d  from the  cloud i s  lower than a t  adja- 

c e n t  wavelengths, while t he  reverse  i s  t r u e  f o r  the  very much s t ronger  

r e s t s t r a h l e n  band a t  3.1 microns. One may expect t o  f ind  s imi l a r  behavior 
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i n  the r e f l e c t i o n  spec t ra  of coarse  powders, such as s i l i c a  sand. It i s  

to be noted t h a t  the s t rong r e f l ec t ion  bands have the  same p o l a r i t y  as 

the bands i n  the r e f l e c t i o n  spec t ra  of homogeneous so l id s .  

2. Surface Reflect ion 

Surface r e f l e c t i o n  predominates over volume r e f l e c t i o n  under 

the  two conditions i l l u s t r a t e d  i n  Figure 19. 

I n  Figure 19a  the  p a r t i c l e s  of a coarsely divided medium have 

been compressed so c lose ly  t h a t  the res idua l  voids a r e  s m a l l  i n  s i z e  

compared both with the p a r t i c l e s  and with the wavelength of the  r a d i a t i o n  

Under these  circumstances t h e  volume sca t t e r ing ,  which now r e s u l t s  from 

the  s m a l l  widely-spaced voids i n  an otherwise continuous medium, i s  much 

less than the  Fresnel r e f l e c t i o n  a r i s ing  from the d iscont inui ty  i n  the  

o p t i c a l  constants  a t  the surface of t he  medium. 

Figure 19b represents  the case  of a f i n e  powder where the  

p a r t i c l e  s i z e  and spacing a r e  both small compared with the  wavelength. 

Volume r e t i e c t i o n  i s  negiigi'uI.2 ir; this case h e c a ~ s e  ~r !IT i s  general ly  a s  
very l a r g e  i n  t h e  Rayleigh sca t t e r ing  region fo r  mater ia l s  t h a t  have a 

f i n i t e  absorption index. However, the sur face  r e f l e c t i o n  i s  important 

s ince  l a rge  numbers of p a r t i c l e s  act  cooperatively when the i n t e r p a r t i c l e  

separa t ion  i s  much less than a wavelength. This coherent e f f e c t  i s  en- 

t i r e l y  equivalent to  the e f f e c t  of the  d iscont inui ty  i n  the average com- 

plex r e f r a c t i v e  index a t  the surface of t he  medium. When the  index 

n - i k  of the individual  p a r t i c l e s  is  f a i r l y  c lose  to  1, the  space- 

averaged index n - i k  i s  given by (16) 

- (n - i k  - 1 = f ( n  - i k  - 1)  ( 4 )  

where f i s  the  packing density, i . e .  , t he  f r a c t i o n  of the volume occupied 

by t h e  p a r t i c l e s .  On equating rea l  and imaginary p a r t s  of equation 4 ,  
one obta ins :  
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- 
n - 1 = f ( n  - 1 )  

k = f k  
- 

An approximate est imate  of the  d i f fuse  sur face  r e f l e c t a n c e  R 
S 

i s  obtained i f  expressions (16) and (17) a r e  s u b s t i t u t e d  i n t o  the  simple 

Fresnel formula f o r  normal incidence 

- - (; - 1 ) 2  +E2 
Rs (r; + 1)2 +x2  

One then f inds  

Table I1 shows the e f f e c t  of the packing densi ty  f on the  

r e f l e c t a n c e  R and on the  spec t r a l  cont ras t  (R ) f o r  t he  case 
8 s max’(Rs)min 

of a f a i r l y  strong absorption band in  which w e  assume f o r  s impl ic i ty  

t h a t  t he  r e f r a c t i v e  index n remains constant a t  1.5* while the absorption 

index increases  from 0 t o  i becween Llie sdge and tetter n f  t h e  band. me 
t a b l e  shows t h a t  the  re f lec tance  a t  the  center  of the band decreases 

markedly from 17% t o  0.3% when the  packing density decreases from 100% 

t o  10%. But the  spec t r a l  cont ras t ,  which i s  the  r a t i o  of the  r e f l e c t a n c e  

a t  t h e  center  of t he  band t o  the re f lec tance  a t  the edge of the band, re- 

mains high and a c t u a l l y  increases  with the  d i l u t i o n  of the powder. 

i f  high s ignal- to-noise  r a t i o  can be obtained i n  the  measurement of spec- 

t r a l  re f lec tance ,  e i t h e r  by slow scanning with r e l a t i v e l y  w i d e  s l i t s  i n  

a spectrometer, o r  by the  use of an interferometer ,  there  appears to  be 

no reason why exce l len t  r e f l e c t i o n  spec t ra  should not be obtainable  from 

f inely-divided low-density powders. 

Thus 

* 
A s  n a c t u a l l y  undergoes anomalous dispers ion i n  the region of an ab- 

s o r p t i o n  band, the  r e s u l t s  of a more comprehensive c a l c u l a t i o n  w i l l  be 
given i n  Section I V .  
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THE EFFECT OF PACKING DENSITY ON SURFACE 
REFLECTANCE AND SPECTRAL CONTRAST FOR 

CONSTANT REFRACTIVE I N D M  

R S (Rs)max’(Rs)min f n k  

4 . 3  1 1.5 0 .04 

1 1.5 1 .172 

4.8 0.5 1.5 0 .0123 

0.5 1.5 1 .059 

0.1 1.5 0 .0006 

0.1 1.5 1 .003 
5.0 

RS 
It i s  worth not ing from equation 19 t h a t  f o r  constant  n, 

always i zcreases  with increasing k. Thus the  sur face  r e f l e c t i o n  spectrum 

of a f i n e  powder has the  same po la r i ty  a s  the  r e f l e c t i o n  spectrum of the 

bulk mater ia l ,  but  i t  has opposi te  p o l a r i t y  t o  the  volume r e f l e c t i o n  spec- 

trum of weak bands from a coarse powder. 

3.  Effec t  of Surface Roughness 

Surface roughness can have an important e f f e c t  only on the  

su r face  cont r ibu t ion  t o  the  r e f l e c t i o n  by a p a r t i c u l a t e  medium. 

d i f f u s e  r e f l ec t ance  of a medium composed of coarse  p a r t i c l e s ,  such a s  

sand o r  a cloud of l a rge  i c e  c rys t a l s ,  is not  a f f ec t ed  appreciably by the  

s ta te  of  the  su r face  of the  medium. 

Thus the  

I n  the  case  of a medium of f i n e  p a r t i c l e s ,  where the  r e f l e c t i o n  

i s  caused almost e n t i r e l y  by the  surface d i scon t inu i ty  i n  the  o p t i c a l  

cons tan ts ,  t h e  s ta te  of the  surface can be important under c e r t a i n  condi- 

t i ons .  I f  the  su r face  contains  no steep-walled c a v i t i e s  of  dimensions 

comparable with the  wavelength, roughness merely causes a r e d i s t r i b u t i o n  
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i n  angle of the  r e f l e c t e d  r a d i a t i o n  but does not  change the  t o t a l  amount 

of energy r e f l ec t ed .  Thus the d i f fuse  re f lec tance  i s  independent of 

g e n t l e  surface i r r e g u l a r i t i e s .  Reduction i n  the  r e f l e c t a n c e  begins to  

occur when the  surface i s  s o  rough tha t  an appreciable  f r a c t i o n  of nor- 

mally-incident rays s u f f e r  a double bounce. 

average r e f l e c t a n c e  f o r  a s ing le  bounce, then the  r e f l e c t a n c e  of the  

rough sur face  i s  approximately 

I n  general ,  i f  RO(A) i s  the  

2 3 
R = FIRo(A) + F2Ro ( A )  + F3Ro ( A )  + ... 

where F1, F2, ... a r e  the  f r ac t ions  of the r a d i a t i o n  undergoing s ingle ,  

double, e tc . ,  bounces. 

I n  the c r i t i c a l  case of a f i n e  powder of low packing density,  

R (A) i s  qu i t e  small, and a l l  terms i n  equation 20 except the f i r s t  can 

be neglected.  Thus the reduction i n  re f lec tance  due t o  roughness i s  

simply the f r ac t ion  F, of incident  rays t h a t  make a s i n g l e  bounce. 

f r a c t i o n  i s  moderately l a rge  except when the  geometry of t he  roughness 

i s  exceedingly angular.  

0 

This 
& 

It i s  worth noting t h a t  when R ( A )  i s  not  s m a l l ,  as  i n  the  0 
case of s o l i d  mater ia l  o r  wind-packed powder, roughness changes the shape 

of t h e  spectrum s ince  the  multiple-bounce terms i n  equation 20 a r e  non- 

l i n e a r  i n  R (1). The e f f e c t  sharpens the spec t r a l  peaks. 0 

4 .  Determination of Packine: Densitv and P a r t i c l e  Size 

The theory out l ined  above leads to  the following conclusions: 

a.  When the wavelength i s  much smaller than the p a r t i c l e  s i ze ,  

t he  r e f l e c t a n c e  depends mainly on volume s c a t t e r i n g  and i s  independent of 

packing densi ty .  
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b. When the  wavelength i s  much l a r g e r  than the  p a r t i c l e  s i z e ,  

the r e f l e c t a n c e  i s  a su r face  e f f e c t  and decreases r ap id ly  with packing 

dens i ty  . 

These t h e o r e t i c a l  r e s u l t s  imply t h a t  t h e  s p e c t r a l  r e f l e c t a n c e  

of a powder should have a r e l a t i v e l y  high average l eve l ,  comparable with 

t h a t  of t he  bulk mater ia l ,  f o r  wavelengths l e s s  than the  p a r t i c l e  s i ze ,  

and t h a t  t he  l e v e l  should drop t o  a lower average va lue  f o r  wavelengths 

l a r g e r  than the  p a r t i c l e  s i z e .  The wavelength a t  which the  change i n  

l e v e l  occurs therefore  determines the p a r t i c l e  s i ze ,  while t he  r e f l e c t -  

ance l e v e l  i t s e l f  a t  t he  longer wavelengths, i n  conjunction with known 

values  of t h e  o p t i c a l  constants ,  determines the packing densi ty .  

An experimental search for  t he  change i n  emittance ( o r  r e f l e c t -  

ance) l e v e l  was c a r r i e d  out  using a double beam emissometer i n  which the  

r e fe rence  beam w a s  derived from a "black" su r face  e m i t t e r  r a d i a t i n g  a t  

approximately the  same temperature as t h e  sample. The r a d i a t i o n  from 

both t h e  sample and the  re ference  i s  i n t eg ra t ed  over a s o l i d  angle  of 

approximately 1 . 5 1 ~  by means of a gold-plated hollow c o l l e c t o r  and con- 
ducted by a l i g l l t  p i p e  to s l i t s  of tk,? do-iible-bc~r, ---a-h.---tfi- 

L L . V I I " L . A L  vu.a L V L  cf 

our Perkin-Elmer 521 spectrophotometer. The sample was the quartz  powder 

previously mentioned having a p a r t i c l e  s i z e  range from 1.6 t o  5 microns. 

The r e s u l t s  of a q u a l i t a t i v e  experiment a r e  shown i n  Figure 20. The ex- 

pected emittance r ise  appears between 3.5 and 6 microns. The sample 

temperature was nominally 2 2 O O C .  

i n  t h e  region between 7 and 10 microns, corresponding t o  a r e s t s t r a h l e n  

f e a t u r e  f o r  t h i s  ma te r i a l  shown i n  the  i n s e r t .  

A broad emittance minimum i s  v i s i b l e  

The r e l a t i v e l y  small emittance minimum can probably be under- 

s tood i n  terms of t he  foregoing discussion of the  e f f e c t  of low packing 

dens i ty  on the  spec t r a  of sub-wavelength s i z e  p a r t i c l e s .  

packing dens i ty  was n o t  measured i n  t h e  emission experiment, w e  i n f e r  a 

s i m i l a r  magnitude t o  t h a t  given i n  Figure 13. Therefore an emittance of 

approximately 0.95 k 0.03 i s  expected i n  the  region of  t h i s  r e s t s t r a h l e n .  

Although the  
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On t h i s  bas i s  a blackbody curve a t  the sample temperature would be 

expected t o  l i e  only s l i g h t l y  above the  longer wavelength p a r t  of t h e  

emittance curve shown i n  Figure 20. Under these condi t ions a s igna l -  

to-noise  r a t i o  higher  than t h a t  employed would be necessary t o  show the  

d e t a i l s  of the  spectrum which can be seen i n  t h e  i n s e r t  r e f l e c t i o n  

spectrum of t h e  same powder. This point w i l l  be f u r t h e r  discussed i n  

Sect ion V. Further  work needs t o  be done here,  but w e  a r e  g r a t i f i e d  

by the  appearance of t he  predicted emittance change a t  a wavelength 

near t h e  p a r t i c l e  s i z e .  
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I -  

I V .  MIXTURES OF MINERALS 

I n  general ,  one may expect t h e  spectrum from t h e  su r face  of a 

p l ane t  t o  be t h a t  of a composite owing t o  the  s i z e  of the  areal resolu-  

t i o n  element t h a t  follows from system design considerat ions.  For ex- 

ample, i n  our recent  proposal") of a broadband in f r a red  in te r fe rometer  

f o r  t h e  1971 Voyager Mission t o  Mars t h e  r e so lu t ion  element had a diam- 

e t e r  of about 100 km. An area of t h i s  s i z e  could contain a number of 

d i f f e r e n t  mineral species,  some i n  the form of s p a t i a l l y  separated bare  

rocks, o the r s  mixed together  i n  patches of f i n e  dust .  The s p e c t r a l  

mixing r u l e s  a r e  q u i t e  d i f f e r e n t  i n  the  two cases.  

I f  the  minerals a r e  s p a t i a l l y  separated e i t h e r  i n  d i s t i n c t  

rocks o r  i n  l a r g e  gra ins  i n  a s ing le  rock, the  individual  r e f l ec t ances  

add l i n e a r l y  with weighting f a c t o r s  proport ional  t o  the  r e spec t ive  

a reas .  We have t e s t ed  t h i s  s i m p l e  r u l e  using a chondri te  composed of 

seven minerals ( including four s i l i c a t e  minerals) .  

A. RESULTS 
I 

W e  had previously run the spectrum of the  Fores t  Ci ty  Chondrite. 

It was our  in t en t ion  t o  measure the  s p e c t r a  of i t s  component minerals  

and compare them, using some s o r t  of s i m p l e  mixing r u l e  with t h e  spectrum 

of the  composite chondri te .  Unfortunately, i t  proved very d i f f i c u l t  t o  

ob ta in  p rec i se ly  the  same minerals as those reported fo r  the chon- 

I n  addi t ion  i t  was very d i f f i c u l t  t o  ge t  a good pol i sh  (I,=, 23) d r i t e .  

on t h e  chondri te  which i s  composed of ma te r i a l s  of varying hardness.  

During the  cu r ren t  cont rac t ,  however, we succeeded i n  obtaining a b e t t e r  

p o l i s h  on t h e  chondri te .  This re su l t ed  i n  an approximately constant  in- 

crease i n  the  r e f l ec t ance  l eve l  of t he  chondri te  spectrum by about 6%. 

Figure 21 shows the comparison of the  repol ished chondr i te  

spectrum with two ca lcu la ted  composite spec t r a  on a volume p e r  cent  bas i s .  
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The mixing rule used assumed that the reflectances of the components 
could be simply added and normalized by the volume percentages of the 

minerals present. We believe this rule adequate if the facets of in- 

dividual components are large compared with the wavelength of the radi- 

ation (which is true for much of the chondrite). 

I 

This figure demonstrates how good a match may be obtained 

when the proper minerals are used with a linear mixing rule. 

two spectra were obtained in precisely the same way, involving the same 

assumptions except for the member of the olivine series used. The top 

spectrum includes fayalite and the middle spectrum includes Fo 

The match obtained for the latter spectrum with the chondrite 

( F o ~ ~ . ~ F ~ ~ ~ . ~ )  is, in our opinion, a demonstration of the general 

validity of the method used, especially when contrasted with the very 

poor match obtained when fayalite is used for the olivine component of 

m e  cnonarite. We feel that the minor differences observed between the 

spectrum of the chondrite and the calculated spectrum based on Fo 70 Fa 30 
can be easily accounted for by the approximations we made in the compu- 

tations. 
t s en i t e  uzdsubtedly c d c t d a t e d  too high a reflectance level for our 

composite spectrum. The general problems of scattering by interfaces in 

the chondrite, orientation uncertainties for the minerals in the chon- 

drite, and uncertain uniformity of composition throughout the chondrite 

can further contribute disparities between the spectra. 

used was a single crystal, and the face studied is unlikely to be the 

orientation of that mineral in the chondrite. With natural materials, 

it is quite difficult to obtain specimens of exactly the same mineral 

composition as are present in the chondrite. A s  we were never able to 

obtain a sufficiently large sample of pigeonite, we had to substitute a 

feldspar (andesine)--pigeonite composite. Unfortunately, andesine has 

a slightly different composition than the feldspar (oligoclase) in the 

chondrite. Finally, the simple mixing rule used is valid only for large 

grains and there is some fine grained material in the chondrite. By 

microscopic examination, we have concluded that the bulk of the material 

The top 

70Fa30 

By using a flat value of 100% reflectance for the kamacite and 

The enstatite 
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t 

is l a r g e  compared with the  wavelength. 

the good agreement i n  the  shape of the curve f o r  the  chondr i te  and f o r  

the  ca lcu la ted  composite leads  us to  be l ieve  tha t  a l i n e a r  mixing rule 

is appropr ia te  f o r  composite spec t r a  i f  the  g ra in  s i z e  i s  l a r g e  compared 

with t h e  wavelength. 

Despite these  q u a l i f i c a t i o n s ,  

On t he  o the r  

s m a l l ,  w e  have derived 

hand, i f  t h e  grains  of d i f f e r e n t  components a r e  

t h e  following mixing r u l e  (see next  s ec t ion ) .  

n 

(n 2 (n  - ik )L - 1 

- i k ) 2 + 2  

,~~ - i k )  - 1 

(n - i k ) 2  + 2 
= c  f 

p ("P P 

where n and k a r e  

c luding vacuum) and 
P P 

t he  o p t i c a l  constants  of t he  mineral of type p ( in-  

f is  the  volume f r a c t i o n  associated with each one. 
P 

rt11n i c  a oPnPrniization of equation (6)  f o r  composite samples. - 

A e z q u t e r  progran was written t o  c a l c u l a t e  r e f l e e t a n c e  a t  

normal incidence using the  above mixing r u l e  t o  der ive t h e  average op- 

t i c a l  constants  of a mixture of minerals. 

f o r  X and Z-cut quartz  taken from a dispers ion ana lys i s  c a r r i e d  ou t  by 

Sp i t ze r  and Kleimnan. (24)  

obtained, t he  computer program recomputed the  o p t i c a l  cons tan ts  of  quartz  

i n  order  t o  avoid e r r o r s  i n  reading da ta  poin ts  from t h e i r  graphs. The 

o p t i c a l  constants  were used with equation 21 with varying f ' s  t o  show 

t h e  e f f e c t  produced by changing packing f r ac t ions .  However, the f f o r  

Z-cut quartz  was always taken as one h a l f  of t he  f f o r  X-cut quartz  a s  

t h e  l a t t e r  o r i e n t a t i o n  i s  doubly degenerate,and a random mixture should 

have t w i c e  a s  many c r y s t a l l i t e s  X-oriented a s  Z-oriented. Quartz i s  a 

p a r t i c u l a r l y  good substance t o  test  t h i s  r e l a t ionsh ip  f o r  i t  f r a c t u r e s  

conchoidally.  A powdered sample therefore  should have no prefer red  

o r i e n t a t i o n .  I n  Figure 22, w e  show t h e  r e f l ec t ance  of Z-cut and X-cut 

qua r t z  and t h a t  computed f o r  t h e  randommix. It should be  noted tha t  

t h e  mixing r u l e  always p red ic t s  the proper number of s p e c t r a l  f ea tu re s  

i f  one judges by the f ea tu res  i n  the component minerals,  although some 

A s  a t e s t  case, w e  used data  

Using the d ispers ion  parameters t h a t  they 

P 
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I 

s h i f t i n g  is  apparent due t o  the  way in  which the  s lopes of t he  ind iv idua l  

curves i n t e r a c t .  The 500 cm fea tu re  i n  X-cut quartz  has  been reduced 

t o  a shoulder which i s  s l i g h t l y  sh i f t ed  i n  frequency i n  the  mixture  and 

is  apparent ly  replaced by a va l l ey  a t  500 cm . 

-1 

-1 

I n  Figure 23, w e  have p lo t ted  the  e f f e c t  of vacuum packing 

f r a c t i o n  on the  spectrum using a log  scale. 

with no vacuum o r  a i r  space ( i .e . ,  f 

t he  s a m e  quar tz  m i x  bu t  f 

cont inues the  s e r i e s  t o  f = 0.9. It i s  q u i t e  c l e a r  from t h e  f i g u r e  

t h a t  according t o  t h i s  q u a n t i t a t i v e  mixing r u l e  the  s p e c t r a l  f ea tu re s  

remain even a t  low packing f r ac t ions ,  which agrees with our previously 

repor ted  (I7 ’I8’ 25) conclusions concerning s p e c t r a l  c o n t r a s t  ( s e e  Table 11) .  

The mixing r u l e  used here  i s  general  i n  con t r ad i s t inc t ion  t o  t h e  spec ia l  

case r u l e s  used before,  (17’ 18’ 25) (equations 16 and 17), which r e s u l t e d  

i n  the  simple r e l a t i o n s h i p  of packing f r a c t i o n  to  rerieccarice ~ c ~ L L Q L ; ~ , ,  Z : .  

Figure 23 takes  i n t o  account the  e f f e c t  of changes i n  the  r e f r a c t i v e  index 

due t o  anomalous d ispers ion  and i s  therefore  a fu r the r  improvement on 

Table 11. 

The top curve i s  our 2 : l  mix 

+ f X  = 1 ) .  The middle curve has 

= 0.5. The lowest curve 
Z + f X  = 0.5 and f vac. 

vac . 

Because of t he  d i f f i c u l t y  of app l i ca t ion  of such a complex 

mixing r u l e  i n  d isen tangl ing  the  spec t ra  of mixtures (one needs t o  know 

the  o p t i c a l  cons tan ts  r a t h e r  than simply the  emittance o r  r e f l e c t a n c e  

spectrum), a comparison with the  spectrum expected from a simple mixing 

r u l e  such as t h a t  used f o r  large gra ins  i s  shown i n  Figure 24. 

the s p e c t r a  a r e  s i m i l a r  i n  most places,  important d i screpancies  can be  

seen near  1160 cm and 500 cm . 

While 

-1 -1 

We invoke the  r e s u l t s  of Figure 13 i n  order  t o  v e r i f y  the  

v a l i d i t y  of our mixing r u l e  experimentally. These r e s u l t s  appear t o  

confirm t h e  general  v a l i d i t y  of the complex mixing r u l e  a s  wel l  a s  t he  

e f f e c t  of packing f r ac t ion .  Some discrepancies  between our experimental 

and t h e o r e t i c a l  values  can be accounted f o r  by the  experimental s p e c t r a l  

s l i t  widths used and the  v a r i a t i o n  between the  ca l cu la t ed  r e f l e c t a n c e  a t  
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normal incidence and the  measured r e f l ec t ance  a t  45". I n  addi t ion,  our 

Golay c e l l  w a s  discovered t o  be i n  the process  of breaking down s h o r t l y  

a f t e r  t hese  spec t r a  were run. Therefore, w e  rechecked our experimental 

da ta  f o r  t he  upper curve and found a devia t ion  of about 1% from the  d a t a  

shown. 

I 

The experimental shape i n  the middle in f r a red  region near  9 

microns appears t o  devia te  from e i t h e r  t h e  simple o r  complex mixing 

r u l e  ( s e e  i n s e r t  i n  Figure 20), though r e t a i n i n g  apparent f ea tu re s  of 

both. This i s  not  too su rp r i s ing  a s  t h e  wavelength a t  t h i s  po in t  i s  

not  very f a r  removed from t h e  p a r t i c l e  s ize ,and some more complex r u l e  

i s  probably necessary.  As s t a t e d  before, w e  f e e l  addi t iona l  e f f o r t  i s  

requi red  her  e. 

B. DERIVATION OF THE GENERAL 
MIXING RULE FOR FINE POWDERS 

The r e f l ec t ance  of a medium cumposed of a mixture of f i n e  par-  

t i c l e s  (small compared with t h e  wavelength) and vacuum depends on the  

m d ~ i - ~ s c o p i c  cpt ica l  cnrstants n and k of the  medium. Sca t te r ing  i s  neg- 

l i g i b l e  compared with the  coherent sur face  r e f l e c t i o n  i f  t he  p a r t i c l e s  

are very s m a l l  compared with the  wavelength and s u f f i c i e n t l y  densely 

packed so t h a t  n - 1 and k d i f f e r  appreciably from zero.  

The complex index of r e f r a c t i o n  n - i k  i s  r e l a t e d  t o  t h e  c m -  

plex  d i e l e c t r i c  cons tan t  E of the  composite medium by the  r e l a t i o n  

2 
E = (n - i k )  

Thus t h e  problem of der iving a mixing r u l e  f o r  n - i k  i s  equivalent  t o  

t h a t  of obtaining a mixing r u l e  fo r  E. Now Clausius and Mossotti long 

ago proposed an explanat ion of t he  d i e l e c t r i c  constant  of ma te r i a l s  i n  

terms of t he  p o l a r i z a t i o n  of an assembly of conducting spheres.  Lorentz 

and Lorenz improved on this  model by a t t r i b u t i n g  t h e  po la r i za t ion  of t h e  
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medium t o  the  po la r i za t ion  of t he  individual  molecules of t h e  medium. 

W e  s h a l l  ca r ry  the  argument one s t e p  fu r the r  by applying t h e  same idea 

t o  an assembly of spher ica l  po lar izable  p a r t i c l e s  of dimensions t h a t  

a r e  macroscopic but  s t i l l  small compared with the  wavelength of t he  

r ad ia t ion .  

The Lorentz-Lorenz theory is  based on the  idea t h a t  the  polar- 

i z a t i o n  of an individual  molecule i s  due t o  t h e  sum of t h e  ex te rna l ly  

appl ied e l e c t r i c  f i e l d  E and the  f i e l d  E caused by the  induced e l e c t r i c  

d ipole  moments of a l l  the  o the r  molecules. 
i 

L e t  a be the  p o l a r i z a b i l i t y  of a molecule. Then the  induced 

d ipole  moment is, by de f in i t i on ,  

I f  t h e r e  a r e  N molecules per u n i t  volume, t he  po la r i za t ion  of the medium 

i s  

P = Np (24) 

The theory now assumes t h a t  t he  individual  molecule under considerat ion 

i s  e f f e c t i v e l y  located a t  the  center of a spher ica l  cav i ty  i n  a homoge- 

neous medium composed of a smoothed-out d i s t r i b u t i o n  of a l l  t he  o the r  

molecules. Then the  i n t e r n a l  f i e l d  i s ,  by a well-known r e s u l t  of e lec t ro-  

s t a t i c s ,  

- 4 T P  -- 
Ei 3 

The d i e l e c t r i c  constant  of t h e  medium i s  
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I -  On combining equations 23-26, one g e t s  t h e  Lorentz-Lorenz 

r e l a t i o n  

(27) 
E - 1  4 ~ " a :  
E + 2  3 
-3 

I n  our extension of the  theory t o  a f i n e  mixed powder w e  do 

two things.  

mixture  of p a r t i c l e s  of d i f f e r e n t  N's and a's. 

a's i n  terms of t h e  d i e l e c t r i c  constants  of t he  bulk ma te r i a l s  of which 

the  p a r t i c l e s  are composed. Thus for  t h e  mixed powder 

F i r s t  we r ep lace  Na by the appropr ia te  expression f o r  a 

Second w e  express the  

where N p, ap, cP, ap are ,  respect ively,  the  number of p a r t i c l e s  per  u n i t  

volume, t he  p o l a r i z a b i l i t y ,  t he  d i e l e c t r i c  constant ,  and the  rad ius  of 

par t ic les  of type p. 

t r o s t a t i c s  f o r  t he  p o l a r i z a b i l i t y  of a d i e l e c t r i c  sphere. 

Equation 29 i s  another well-known result of elec- 

On s u b s t i t u t i n g  (29 )  i n t o  (28) and not ing t h a t  4 T a 

i s  the f r a c t i o n  f of the  volume occupied by type-p p a r t i c l e s ,  w e  a r r i v e  

a t  t he  mixing r u l e  f o r  d i e l e c t r i c  constants  

N / 3  
P P  

P 

- 2  € - 1  C f  . € P - l  
E + 2  p E + 2  

P P 

The mixing r u l e  f o r  the  o p t i c a l  constants  can now be w r i t t e n  

down with the  he lp  of equation (22) t o  g ive  
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I 

2 (n - i k  ) L  - 1 

(np - i k  )’ + 2 
= c  f (n - i k )  - 1 

( n  - ik)’ + 2 
P 

The volume f r a c t i o n s  f do no t  add up t o  un i ty  s i n c e  i n  general  t h e r e  

are empty spaces between t h e  p a r t i c l e s .  However, s ince  n - i k  = 1, 

f o r  vacuum, t h e  summation can formally include a term t o  r ep resen t  t he  

vacuum. Under these  condi t ions the  sum of the  f ‘ s  w i l l  be uni ty .  

P 
P 

P 

Note added i n  proof 

A p r i v a t e  communication received from D r .  John Wood of t h e  

Smithsonian Astrophysical Observatory, while t h i s  r e p o r t  was being 

processed, has s l i g h t l y  r ev i sed  h i s  o r i g i n a l  estimate of the  composi- 
1 

t i o n  o f  t he  Forest  City Chondrite. The pyroxenes present  are b e t t e r  

represented by 24.5 w t %  f o r  t h e  orthorhombic form and 2.2 w t %  f o r  t he  

monoclinic form which i s  probably diopside. 

t i o n s  shown i n  Figure 21 are e s s e n t i a l l y  unchanged by t h e  new 

information. 

Our composite calcula-  
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1 -  

V. REMOTE SENSING CONSIDERATIONS 

During t h e  course of t h i s  program, Arthur D. L i t t l e ,  Inc . ,  

submitted a proposal t o  t h e  National Aeronautics and Space Administra- 

t i on ,  Washington, D. C., e n t i t l e d  "Mapping of the  Composition of the  

Surface and Atmosphere of Mars by an Orbi t ing Broadband In f ra red  In t e r -  

ferometer."2 

experiment t h a t  should be put  on t h e  Voyager Mission but  could be 

r e a d i l y  adapted t o  a lunar  o r b i t e r  mission. I n  essense, w e  f e e l  t h a t  an 

o r b i t i n g  broadband i n f r a r e d  interferometer i s  capable of a sce r t a in ing  

t h e  chemical composition of t he  lunar su r face  and i t s  s ta te  of aggrega- 

t ion .  The Martian Voyager experiment was designed without cooled detec- 

t o r s  due t o  t h e i r  high power and weight requirements necessary on such 

a long mission. There are o the r  differences between Martian and Lunar 

missions such as the  need t o  look through the  Martian atmosphere, and a 

search f o r  t h e  poss ib l e  presence of organic  species  on Mars. Basically,  

however, w e  f e e l  t h a t  a broadband interferometer  (approximate range 2.5 

t o  85 microns) having 10 cm r e so lu t ion  would be t h e  b e s t  instrument 

t h a t  could be placed on a lunar  o r b i t e r  t o  measure the  composition of 

t h e  luna r  surface.  We l a t e r  modified t h i s  instrument s l i g h t l y  t o  satis- 

f y  t h e  c o n s t r a i n t s  of a Martian Mariner flyby mission. 

This proposal summarizes our thinking as t o  t h e  kind of 

-1 

A typ ica l  set  of spec i f i ca t ions  f o r  such an instrument without 

cool ing are  

Wavelength range 2.5-85 microns 

Spectral  resolut ion 10 cm- l  

Half angle  of viewing cone 

Aperture 9 cm ( f o r  each sec t ion  of 

Scan t i m e  2.5 seconds 

Noise equivalent spectral  

4 degrees 
2 

t h i s  3-channel instrument) 

betweem 2 x 10'' and 1.8 x 
radiance (NESR) 2 -1 watt/cm s t e rad ian  c m  
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A graph of t h e  expected s ignal- to-noise  r a t i o  of t he  spectrum 

(as  derived from one interferogram) with wavelength and frequency is  

shown i n  Figure 25a. 

The ca l cu la t ed  signal-to-noise r a t i o  i s  based on c e r t a i n  as- 

sumptions (e.g., a gray body with an emittance of 0 .9) .  For our purposes 

a more important quan t i ty  i s  the  r a t i o  of t he  change i n  s igna l ,  t h a t  

a r i s e s  from a change i n  emittance o r  re f lec tance ,  t o  t he  noise .  There- 

fore ,  performance i s  b e t t e r  judged by the  p l o t  shown i n  Figure 25b of 

"Noise equivalent  r e f l e c t a n c e  increment" vs frequency. The t o t a l  r a d i -  

ance, J of Mars f o r  instance,  cons is t s  of  r e f l e c t e d  s o l a r  and e m i t t e d  

thermal r ad ia t ion .  

R, Jth ermal + (1 - 
JMars 

Di f f e ren t i a t ion  with respect  t o  R, equating the  r e s u l t i n g  J 

t o  the  noise  equivalent spectral radiance and taking absolu te  values ,  

y i e l d s  

NESR 

I J so la r  Jthermal I I A R (  = - 

which i s  shown i n  Figure 25b and i s  the  smal les t  de t ec t ab le  f e a t u r e  f o r  

t h e  suggested instrument.  

instrument could be made by the  use of cooled de tec to r s  and coherent 

a d d i t i o n  of ind iv idua l  interferograms. The viewing cone angle  together  

with t h e  instrumental  a l t i t u d e ,  scan t i m e ,  and instrumental  ve loc i ty  set 

t h e  a r e a l  r e so lu t ion  obtainable .  For t h e  Voyager Mission we ca lcu la ted  

an a r e a l  r e so lu t ion  of t he  order  of 100 km. 

It should be noted t h a t  improvements i n  the  
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VI. SUGGESTIONS FOR FURTHER WORK 

A number of top ics  r equ i r e  addi t iona l  e f f o r t  i n  order  t o  f u l l y  

understand the  phenomena and u t i l i z e  the da ta  i n  remote sensing appl ica-  

t ions .  They include: 

(1)  continued measurements of  t h e  f a r - in f r a red  spec t r a  of 

poss ib l e  lunar  and p lane tary  su r face  minerals  i n  bulk form t o  serve  as 

the  nucleus of a catalogue of mineral spec t r a  i n  t h e  f a r - in f r a red  region 

t o  supplement e x i s t i n g  middle-infrared data. 

e r a t ed  by the  used of a broadband-infrared interferometer .  Such in s t ru -  

ments a r e  commercially ava i lab le .  

This work could be accel-  

(2) the  f u r t h e r  study of the  e f f e c t s  of sur face  roughness on 

s p e c t r a l  shape and i n t e n s i t y  f o r  the  case  of samples composed of f i n e  

p a r t i c l e s  (and the re fo re  having d i lu t ed  o p t i c a l  cons tan ts ) .  This should 

be done f o r  gent ly  undulating surfaces  l i k e  those already inves t iga ted ,  

f o r  su r f aces  similar t o  the  wind-packed sur faces  t h a t  may w e l l  e x i s t  on 

Mars, and f o r  pumice-like sur faces  and sur faces  obtained by s i f t i n g  the  

powder i n  a vacuum t o  represent  poss ib le  lunar  condi-tions. 

(3)  f u r t h e r  v e r i f i c a t i o n  of the  mixing r u l e s  w e  have derived 

f o r  composite samples, t h e i r  modif icat ion for p a r t i c l e  s i z e s  near t h e  

wavelength and de r iva t ion  of s impl i f ied  approximate r u l e s  f o r  use i n  

spectral  s t r i p p i n g  techniques. 

( 4 )  development of a computer program f o r  s p e c t r a l  s t r i pp ing ,  

probably based on cross -cor re la t ion  techniques with a l i b r a r y  of ind i -  

v idua l  spec t ra .  

(5) experimental determination of the  r e l a t i o n s h i p  between the  

normal emittance and s ingle-angle  r e f l ec t ance  of a v a r i e t y  of bulk and 

p a r t i c u l a t e  mineral  samples. 
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